®

dandau theory (foc a ferromagrel)
h ( gxternal mqbv\,tre‘.e(

(onsider a S\'MP‘Q ftﬂbmqgnd\'t %Skm

. A
usith a S:,mmehy as (N=| —sgsl-em) T M>0
My
LALATLAL o Firsh onder —ﬂ—l—_-,
Tt Hﬁ 1.T\Tl phase transihion mi e T
M <
L o M
. M
LITT LAY ‘W\k:)l\thsc»h'bv\ M | T/ \
[ N

?_R)B\ em.  When T<TL the MGCrDstopic Mayne hahuny changer
Stale of the S}Pkn d&sP\kys O‘-(‘J‘\&"\h;vuc'q:\\‘y over
lorg (») nge oodan. No U0, whun T<Te,
ordun. ewks for TOT . How
dotn this orden anise
quanhianRly whe TaT, fom above? Cntical scaling

laws, Universalily

OIQ'\JNL.' Take W=0 ) and @asvden, T~T_
Do N should be snall D the system @n be
daroubed 57 truncaked &cpansion C(bhs eﬁ\u’s!

G(n'r) A(1)+ BH)M + w)N‘ (a.113)
:%a”

(MQM exchuded 57 sammch‘j G(-M) = G(M))

ln absenc et edurnal Reld minimiging € wrt N gtver



B prefonud @l o} mnﬁm.th&ahbmt

2% = ?) _
O =(53)_ aM (B + 2Cn¥?) =0 @)
_ ’p_c_fz
S N=0 o N= ¢ 2000 (Q.‘\S\
‘“\MS‘ d\cus\‘nj ta p\\?mmeno\na\“cﬂi AG(H:‘)

Pammeban,  oatdbly  we com
annange e b Mz0 @
mnimum for T>T, omd M40
thew T<T, The simplest chona,
mods by dondou M

Q
By = h(T-T,) | bifurcabion
{ tay = ¢ 349 % S W_,:'M
AT, T
> W=t2 (TR 1 o hemme
m the'boken phase T<Te uhile H =0 for TST
With- an edemal fold \)\clud.ed&/ we hawt N <0

/ >0
GMT W) = AT) » BTIM ey W' - UM \\ // .
S ) \‘ZIP"\NE/\ lecq)

Now we have S\obo.l and Lacal miaino 3lehal 3 metaskble

MM ™M WML

w an G-DMQMQ, pokn\-\\. These mmima

are physically memfnjgu\ daspile B fodk Gibbs conshruchm
thot He hus Maimody namical GULKT) ((Pravtcsedsionc
nust be Comvex, (See }\3) The mm\-, @WMN. ‘

l"eq'u;&h 4&&4"3 mle account POSS\B! ‘\H



Of Phast @e,“@k,,’,‘_&. When Huls is allewed,
e onver. enshrudhion emen from \ M': N

G = (1-x)¢_+ x G, (Q.1)

where a *n.(_h‘on X o} ﬂu_pjskm (S in phose MY amd trection
b & Sl Meg Witk s (MR, (See b)),

Fludku oh'ons
In ordan to Sudy futuations gentralize the pucdy macrswpic
olanden M"‘?’ Lo Preld Hasry write ocal spin -feld S(8):

[ D
G[SM,T] = fdzx[i(w)a‘ 4+ bU-T) s* « ¢St - \-}wsu)] (2.120)
1 ‘

keep ths Hrom ML SCepi
thaoey, (nduces phase drannhaa

Enc hilean
This is o} course nothing but an M} (M) GFT ™ 3 &nnﬁh_:)
o all of eur %E.—O.M‘js)'s m d-dmensions will apply, Thic
i shll not a fundamental theory for lhe spin systam, but (- Sheud
be @ 5ood deswnphon ‘f«- % near Te.

ig' ’*“. "0(‘: /3';\1’1"_.

M-‘n-‘mfse (a,120): 0 locad ek
7~ 5 \()’ ‘—a‘("‘q_@i.

0=%Ls]1 = -9% « Wa-n)s +}s3 ~uéGy (@a)
(ot te Mr culeol ponk Huls gives
[—V?-u- Qb(‘t—‘!‘)} SG&) = Hv) (2. 13Q)
CK\Q!"\ ~Qc-féc"‘\l “-“_ M %‘C( gﬁ\((‘ M\,}



If we upe Rx) 5 Hpd®), Hhen S@) desoubes the response
o'- e q:h frzu a+ ¥ fvr‘ o.h‘gb\.ma Ha S‘pfn of W=0 &ln\p,
e ocderned feeld. Thi oubhim Hus measures ?m\ﬁ dis kines

wvulahtn . This sWhon alss csuansponds do The Spin-spw
covulahon dunchon

DL = <sud) o) (2.103)

which i5 e Greens funchim for (2122) Wk & gonenic B,
fowrier -“ro.nstmnn 3""

DG = j i _‘b.—-— 2. falk K i

@3 1) hAET ‘4wt L (Ktarmy) .
- “0 et‘,ﬁ “ _ .
= = 4 3 - r"y //
‘W"-"*‘f*”\; brr < u}‘% X’
LN
 Ygy

%, ta wvulakion Qg for fuctu alms &

£ = [ 2w (T—‘r‘)]-"“ (3.124)

This result corresponds 4o Y tree -level QFT- predichsn fram
Q. |II) with Yn=0. We a\f?ad)/ know what is The 1- loop Comedhan
gmm Bk Yok @120) b desouibed by T WE-fied pont

ok d23, uhvuby T danday th, predichon

A-\oop
V=3 > V=06 (a\ms)
OFT

a—" “\-’(H :w(‘o ALY ~ 0,63
| for & vansty rk g SHerns,



30"\( Comments, @

» PQ"N“QLWS b A c depend on the. physies
ot atomic ser.u,(bu} *ke, can be measured
$rom ohead Mf\&_ op. )

%4 Dependencwt o M & E on T-T, ';‘M'.’\j
tha outral exponents M (T-'Q)"‘L amek
=y
£ ~Q@-1 2 are universal, indtpendent of
the mwswpic ystem, 0&\7 an oreder paramehe

and  symmehy @) « C(N werr meeddud.

We qlreqd): sy how QFT -loop comechions mpraved the Wwpu-
tohm o ¥, We @n smilacly find wvuchons bo many obher

o head Sto-Uﬁ Qaw\c} vﬁdkuh‘:\j mmguﬁ'ﬁsdﬂn M~ -LP) M HVS
amomolous Staling of Ph -Sph covulakmms  <sers) ~ k)L
wnd mogacht useephbilly X 77 ) when = @-TY /7
We will compule all ¥ ‘n‘.,rkmml\“cgﬂy bov, RLE _neon WE-
Prod pent. Befora Wl wi pamst %o re-shle Hhe ana log
betwesn A @Pr & Huery of magnehyahin,

We alse Aeed to learn hew b REGE— Rpavce tha Glns



QFT - femmggmh‘&n am(%l_ ~ eflechive achon w QFT.

We have a\n-.a«y seen that

Sk, syslem QFT 3
o %ﬁﬁ-u:, kv !) Gundomenbsl)

5&)----~---...-.4¢_..----.-,

&) M [ X5 .; ¢“

jecal  global mag, class, feld globel, const, c. [
F [ haw) W3]

Gls@)] ; GIn] Tlgltw] | Veg (9

lv\decd) ﬁl— us mombor h“' we &h\d '“u. e«ed\w c&"lbn f‘[%]
wm th nllalmo'm (‘md‘-vrmu\\bn

Mgl = W3] -SJ‘.:@J (2.12¢)
o g, = 2 = {al , (
IS T ¥ "Q')J ﬁ;P{:&‘v;r(\ﬁl;u 2,12})
O T

OFu

true M mUm c-(. T
2\’ ko, v nela \d&‘;} (‘}\!\»\, fum
coweLhunys

These an duarly dusk Y aralegs of stebsheal relakons

G[%] = Flh] - Sd"s s h &)

dF | oG

SQ'(R‘) = -a—: > 5:; = h) (Q.laﬁ)
local magnehnabiea 9ives B Local waf of 5

M Reld Ao Whee h_sc.



At tree level of wunse S = SuE), and s We &d act need
to make Hu diskachon,

P[éu] (ﬂl\ m ?\ef\l be W oQ (f;x“::,»gficm CA Mg gt /'.'«-‘)
Mo = §av| 2000000 - Vig,) + ] (3.130)

R i G

Whau F = &, (. The min‘mum onergy Cnf'tbumﬁ‘m m abreny
ol eddernal deld §iVen \07 N‘/)ga =0 (,q-. %ZD::Q)~

the absolule minimum con{s'gumkon mnusht be homoyenenus
Fo = st For s wnfgumbons all denvakve ¥ems drop

w (2.130) omd My,) reduas % effechve polentiul

By =wnsy
Pl — -V(g.,) (2.13)
funchonal c-m(.‘wz\/ Runcbon,

The onc;loj o tws SIuahon G mv;v\s backwords from ch\,
2.120) for lcal spw Reld 4 landasu oy (Q.MI 2,1¢) He 3‘0\&!
ComShant ﬂ'\ﬁa'\ﬂ\.zd'ﬂhf Gls) — cGi),

Quantum cvieckions do Ha tue el poleatil , es .

Vy) = +%¢" — V(g (2.1%)

Plo.y mportant @le m QFT  both ot gero - amd ok fn e
Kmpowduryy, # naedhon WY vacuwm Sbilidy analysic, and
m 'K“-Wy ot phase dnanKons, We will Perform exphualk
wlalahons of V‘q_ SNa-H.,



bty ok bt &
® \ole that te Mp\\m (2.81) Lads o 'N.dmusto'(»,,\mgg

weed mit and Huntfore of wwwl«’ ot Ve (gu), (Aml SimiYorly
-f.p Ha tu'romoﬁml- ™~ 3"‘\3 PN GCs')*u C:al'r\))

E(ikd-\’ve athon wos also found to be tu qontrcly - o} ol
wwneckd Giradaacdle A-ro&!- funchoms @ M’:

, dr
r'tn)(“'“’x‘) = 1 d (%] (Q.!%S)

S’e\(") o 8’u("‘\)

Thus we e WK ([‘“’zo for A;‘-&!o«) Wity S\,mmeh” ﬂ-o-y)

=y
U"[¢c = z W!' fd‘x‘ ¢“(x\\ - & ,‘)r‘ﬁ(u‘ .‘) (2,134)
n=2

-

NOW) 3\‘“’\ e CS- %M"Nv\ er T""’ :

(,u%*-e Pmﬁ + fbnf..%ﬂ'b '\y) M =0 (2,185)

WQ ‘F\M .:M.M over oW\ ﬁ\fq.u - Lu s --‘ mk f% watl
i. (ﬁa}:: ? L)
(h,‘*(“” * fupuss ) Miga '
FyLfd-d 4T =0
L~ —



le, we have thy CS=RCE for Tg,] -

(P33 ek e 5o ]l 0 6

n parhicular 'er o tonstant Reld case iy becomer am G-
q,n. fvr ch,z

[}‘ +Fmi+[‘~f.\ +Y‘¢ua!] () =0 (2.032)

S -

We shaH yq" Pese %uab‘ons Yo joao( une J‘\.«""\y, Tor now

we Swp the divdopment of Hd QFT omdl reburn Yo Spin-
ySlem. ard Gulrcol phenomina, e analey of (2,173)
-ﬁr J‘pn'h-svsl-em AR e CS- esun.h‘m %r G M Nn:

(v Zmd romg)Cpiel) = 0 @)

L e . U e
this Centains @(?);.——‘; ; N(S"‘P"'é?m

anel PG.“;H/ m'\y other Ll"“(_‘(t'e\r\'!") Cpme.,\;
wWhith ant nevvu—vu{ m T end by ReE fon-
o WF- fRed pe mﬂ

o)



Cn¥eal expononts ; systematins

WA
)\'S’ ﬂO‘Qd b(.joﬂ ) Hu onsed o‘. MALNOSCOPIC ..oas Lo : ':;. o
ranye orefer whan ont apprvaches the cudedl ,_,,'d
point Ualde to darackoushic power law Leo T:.'— i
SUJA"\'S d'- many physzal WM\!S. chmm';lc: '
M~ ) omd M~ W (T3T) (a.179)

co R
wha ¢ = Cl" =T )T, Thane amn pasive powers, awu N

 vaniShe, Jor T 2T, w'\co\ BW=0, Narzov«; Y, S'Peu'fu’t heat
Should dav«ag ok T‘_ . |thd, ‘fmm AQ = nanT) ond.
MY = TaS+.. we see that C A~ A3/aT, Due h onsut

of LRO mfm ramal d\ﬁn’t m T bnhas G MGLSTOpIL d\n-v\?e "
ontropy . One depmes

~ TdS
o= TGy
:ic] & t@ (2,140)

otd
NA,PWO; e mznnkz mph\o.'l\-y ’X‘I = D'\‘/an:j should d\'mn‘(.
ow X w a Sualar:

A = %‘% ~ tD (2,141)

HM‘“U e Runchonad f‘"" of H spin-spn covulahim fuw
h expeched Yo cwy‘ \/(cwlw‘ﬂcq eyt

D) ~ € ~niiE

\x!"‘l (3,142) N cempane Vith (D)
@/ aﬂCMI_N.T M,-Aa M lc '}'\‘(W‘iﬁ‘)\”ﬂj‘



amd we have Glruad’ mpuled Hha scd.&:)

E ~ tiiv/ (a.1¥8)
& 1-loop m N=| sd«\mdn‘t (G(H\:C(—h\) model, AW Hhaa
epononh S o md O Wil be compuled W doms

o e omomalows i s g-(a“) ond (%) ok WF fred

.E»‘l .rd' V P(ﬁ).
@ Two-poiat -ﬁmd‘jﬁﬁ: exponenty V2

wnsider the Spia-spin Grvulalon funchon ) 0w promoled. 4o ‘Guantuum
Bel’. [+ obeys N
\L—‘ﬁ MENSTonleSs,

(P%‘ * ;F"h%};- QY]D("”‘){M) =0 (2,144)

L3

We can ‘fw“y well perform the anolysis i direc spact. Then by
é_}bmn’onal Qnalysi's (pm w dimensson less )
2uit)) = —
D(@p,i6}) = lil“"*d( IRPY (.145)

M! as wusd, B sslubin  becoma

m) l“ h({; 3) c+a§r({m)«' (AMG)

R <0 vEm, \"""Q\Q\'qni-

negleck,




't weam dme b o nonlviviel firad pomt, them

Pm = Pulpi® -2 (2.143)
= P E{D et A>0  igm

Sim'\o.r'\y , Ha an omalous exponent
betomes o pover )Al?!l omd Q\"an“\lll./ owe expech ol

D@ ~ = (paf §(7)

; érld-v#‘ (¢ (}"7')1-2,:) (2.142)

whent m Hu lagh S‘-(p we Youk P ~ + <o alow cu!jus"" masy Yo
thy ouheal Po:n‘z,

Fu’rsl/ we c'mmd«'a.lely ste Tk

N =y (2,149)

This is shll gens ot (-\oop) becaust we do not heve Wl coefhtiont
ok (-\ovp, T 2-lowp resuld & (ex. V/3)S

2 ow? 2 _ !
: ::"’a * - L Gl
..'L. 3 aller)t 6 (1
{
=€t - & 0085 (2)50)

Mortover, ompaning the form (R.143) <o the eepeced Jorm (2,112)



we get»
ep(-RYg) ~ F(fa) ~ Flguanfe)
~ §(l§| (,xi'/ﬁ')) (a.15)
5 f~tER sy (a.152)

le. we get our ald result (2.11) for T expanent v

{
YV =
-y

@ Gibbs free onerdy

The other euponents £,8, & omd p can be found frum Fhe
Sceling pregeches of B Gbbe free oneryy, o fiad these
(m kms of ¢ omd H)' we Mush sslve e4qn. (R.139),

Assunmj g\«ad, Yot only P, Surives Yo cu..h\wb mMmear A
we hawg

(2.53)

61\.‘ : Q.-'QXM (Q.lQS)

48 2 6003+ By 4715 ) Sty ) =0
e —

Where Gﬁeu'q ('t(;) s f‘% \ F"‘. %\%ﬁ et

- @,ssu)-

Consi dan_ bt"\j Vey close b A3, (WE) , sunch Had oo
3G/2) 0 . (Tay ic tha mogh s|owl7 v.-..m'f:\\ma wrre lahon



bQQMS{ A i< aw *‘B b'. nar 51.10.‘ PNVA', See \,Lg/ P‘Lte.‘

54 for funther \"\S\B'\".) Fucthermore, by dimenrional qrunds
we See Yok

-d
161 =1 aa MG]= LT - @iy
™ that [L)= M3 > [6)

é

N W)
T

=2

Mmagne h3zahtn

Glp,>, by W) = G(A') fm) H]‘%)

ad _
= M mag(ﬂr’fd Pom ) (,156)

Here the dimensionless 3,,, Sahsies tha e uaen

[F2amnd + Pt + My =0 @
& [H%‘ t ﬁnfg,%“ + Q,]g. =-o. (2,153)
where

'6. e A AW (2,159

I £ B3 Nl J (4-2-29"9-2)

e ¥

M F...E A= , B betn ?.,‘ amd ? are krawn & us o
Asde. (215%) © olved nmnm\\yz

G(A) = N o h (r..) exp[ d% ({ﬂ)} (2.160)
e T.,T: prnciple, Ree
AR ?..a’g" = . e e = st



In our o.ppm&im\'fov\ 3,.‘ and g anre ce;\s\yun#c dafraed b7 |
NE hed ponrt (R W \l-) s Pk (here X i U\S'- '\’K\ Scals
parame ber exf({: -R) = M;)
_?-m 5 P..‘ CF“£ de noh (_cn.!u“( WY 4= G’—Tg)/r‘

]

omd - 24 A% &
Gt) ~ M2 ¢' t\»(?neﬁ"*') (2,162)

Talcing t= Log M BT o geb the apenpenke sekig » W
we geb

A A

Tus pa()S e e

Glng) = nﬁ (n,"‘i“ )'ii ﬁ.(tm 2 )3")

~ ML (W) (2.164)

Where, J umd ab tast p ~t 2 @-T)r, The eqponents 3§
e (5 o yVen b,

d, A _Q_L _21._ - _2.‘-—
43 = - = o7 (1*4-1"%3“) Tty

& §= S22+ (2.1¢5)

A-2 = An
And
st o 22V )
e 4(1-9%)

The oulcol exponenb needed ona found fom (2,164) omd



(AVE -2.1c), First nale that along e e +a0 (or txo)

— a 8 = ~ ‘,:
H 5% = R M® = M~H (2.¢3)
< that Ndly w Y eupocwﬂ' 3\\\"\3 Nnao\th'-sdn‘o\ an @ “wwk‘ha\

o ¥ Stwmd, rewnle (2164) slghtly to form

eny) = ¢ Au,(H{P) (2,(63)

Below T(./ on we have nm) Mnaue'-u':‘c.h*o-\ " M \,7 ""Mim's"m)
G with respecr o M, 'n.‘“\t -ND-IA‘-:) region iz mmimum occurr
ot Stme mMq ma‘ni‘mfzh:, G“ Thak

mg = HUP = amst = Mottt (210

%o p owes alw just tu cubeed expenond fir m‘uh’go.h‘ov\ on
o funchion ot t near T, M alkemabive way do see (206) 0
by une e} Fn.seauaz relabhon (2.163)  (ovelobhons W M
e Naveat whon B4 L, o Hak m bordia -l

P~ tM™ L 5 M. e kb (ane)

We ShI meed the owponents fer speachr heat and emeganh
susceptibihly, From (2.163) ene sees buk qbave Tc i W20,

Gl‘h) ~ t(‘(‘*é) (2,\'3-!) T
Thew | oo
Hao
(128) =& -
C, ~ %’E-‘ ~ tP W ¢ (2,122) Hast

$o that by wa of (2,1¢5-2.¢¢) :



(2.123)

d
= (3(143) = 2-ay e = &= -2y

Fmaﬂy mcﬁnehc m(tphbl\«‘y A Y= aN/a_‘ Now ot “Ajere 4.
we have from (2.163) that

H: gﬁ. = tﬁs u,\“t’p) (2.”“4)

lnwve rh‘ns s relabon 3\\!0: M

H P 2 (Ht““) (2.15)
wlwu.by cose o R=Q
X = -tu P oy o ¢V (2.1%¢)

and N eventual) 5%

"\((-}') A-2e2y» _ H-!
= -\ = = .
ve @ )F d-2¢% 400~y) -Ym W)

This was e last ecponmb we needed.. (rvpating. o ordan €t
we hawne

= €+ O
n=% (2.13)

s _ A
~Y -1086 + OCe?)

Using these as sur best ‘nsuleqge (loest expanston om 4.,
omd. (¥ which am the feld th. paramiiere we have), we

ogak-



«

{
Dol get Meth Rl gt G0

Cxponent n ) p S o >

1 Ay Sy, 3 0 L
L
e“"?“"“_‘ —y A0N=22) O H(-gR) -y Y. s V-yA
d=3
Gt ®) | Lcopn S-06 LaoMo Bong Loy BEoLB

I § o 5! 57 9
best €-exp 0,032 0,63 0,325 0,110 1,241
¢.olG 0.¢25 0.325 oM 1,240
expenmont | oy 0E X 0.12 4,22

Ohservahonal values achusily tome £from. \Awary E}:‘;L 'yun)
amd  fom Bf:z Q'“?.L@’ ﬁgum'

C\C&r{y/ G.\R&A:, Sun s\‘\\\de_ l-% Q-I«GBP Cs- C»f\e.‘y:t'.f re suWn
are in 9&-“7 3-4. Gtavc.emw\& WA\ OEJQMH\N\{?

In econchne /3 you WM 3M3< st rubh Yo OV)-
grmahric syElewms,



@

CRm(AL BERAVIOUR (uw HY, RCGE improved euﬁu)wg polenbal,

As was disuussed eaclion the effeckve ackion pronts the way o
wwpa . tha eain'mum onenyy (mk&mh‘m of Hu aStem n‘\dudﬁb
the eflech of inltnachons. In parhaular, the globa min mum Wl
be given by Vg (bmponiva (2.134) omd (R130) we see thak

L n
Vgt = ~£. i M p0) 8y (2.1%)

ui\er( PN(’;-Q) [ U\l nspo\‘m\v 1?]“-6@3\'\‘ wmpukd ot
2o Gckermel momontbtum,

f.c‘_u:&\'m (-2.‘-"'5) can/ ond hove beey wsed do Comyuk Veq- ‘h‘"“‘HY
™ ‘Jtﬁ- Qupansion

CV‘\I ~ %(—Q—)!: *i;()u(){: + é\,@i)’: +... (2.%)
Aowwer, tou o alss eaqer, move dineck wuys o 3e§. V«_, \ndeed,
wnsden expanding Vs Hat ey arcund me #2940, Thm:

Ny @) = i L [ pyee) (Barn)’ (a.114)
nsy

How T musk be compured in o Sufld Yheory , expanded
aneund thy beckgaund feld n, This cosustr 3ume brouble, but
M rewerd & that qu.i& Simply

oV, , ,
S_J:I = Eﬁ;’ ('.: =0) (9“"”")



That &, Vo s given by T 1-point funchon (Tactpele) ™
e SuHed tuory, Tor Agtiuony (hwu g=g anl g & clascied fiela)

Ligy) = 2RO T -2 ay
3 )
£ 368 - by - B #)" (a8

= -'i(aﬂ" m+-Af‘){ [@s‘*s.)v AT’séz?]f - %1}3 +

z,_‘(._,-—‘.. — R— *ﬁ

4.

new M) 0™ sndn, ore
i) 0
= M

.
Where we have Shown only Wims releven ¢ fa«- Gmpabatvem,
bk {-lap ortir. Bbwwansty

+LF::L.M (m-tS..).L-g. ra 1 (2, 134)

e ——

o that

Ol -y # W)
Vv “(¢3u =+§ lcr‘ = & (n"-as,‘)f‘: - L.(ﬁfs,‘)f“

q T —
(2115)
R one wuld ‘lfl.d- “GLQ et SM ond 5,. are all ot oL nad s
o renormeliyy Vegleu), Ml et ams but hz2 w4 o
expansm (209 o ke

The fivst ard. conechon, o

© @ ?
*l'r'\ﬁodu =t

t.._m 3. (2,135%)

S @')‘ k‘-"‘q‘)ﬂ
= + & (wpt) e a.)['“e&"‘)]



A~ (-2
3“.1( \- YE) (q“-m';‘))" Meyln)

5‘5’}3 Megn) (%e + log ﬂ{l ) @.1%¢)
P ———

That », o |-loop ardan (evt. y2g,.)

NVey - : P2 -
-y - (w\‘-ts-.\t* z(i\d,\'t + ;&:"‘m(‘ﬂ(se*'ba?:") (4,13%)
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